Currently available methods to treat articular cartilage defects still fail to demonstrate satisfactory outcomes for many patients. Functional tissue engineering using human bone marrow-derived mesenchymal stem cells (hMSCs) is a promising alternative approach for the treatment of these defects. This study strived to investigate the combined effect of complex mechanical stimulation and adenoviral-mediated overexpression of bone morphogenetic protein 2 (BMP-2) on hMSC chondrogenesis. hMSCs were encapsulated in a fibrin hydrogel and seeded into biodegradable polyurethane (PU) scaffolds. A novel three-dimensional transduction protocol was used to transduce cells with an adenovirus encoding for BMP-2 (Ad.BMP-2). Control cells were left untransduced. Cells were cultured for 7 or 28 days in a chondropermessive medium, which lacks any exogenous growth factors. Thereby, the in vivo situation is mimicked more precisely. hMSCs in fibrin-PU composite scaffolds were either left as free-swelling controls or mechanically stimulated using a custom-built bioreactor system that is able to generate joint-like forces. Outcome parameters measured were BMP-2 concentration within the culture medium, and biochemical and gene expression analysis. Mechanical stimulation resulted in an upregulation of chondrogenic genes. Further, glycosaminoglycan (GAG)/DNA ratios were elevated in mechanically stimulated groups. Transduction with Ad.BMP-2 led to a pronounced upregulation of the gene aggrecan and an upregulation of Sox9 message after 7 days. Furthermore, a synergistic effect in combination with mechanical stimulation on collagen 2 message was detected after 7 days. This synergistic increase was more than 8-fold if compared to the additive effect of the application of each stimulus on its own. However, BMP-2 overexpression consistently resulted in a trend toward decreased GAG/DNA ratios in both mechanical stimulated and unloaded groups.
Introduction
H yaline, articular cartilage covers the osseous ends in diarthroidal joints. Its function is to absorb forces generated through loads, and thereby allowing for a smooth, near-frictionless motion between the articulating surfaces. Once articular cartilage is damaged, it possesses a limited intrinsic repair capacity. Currently, several different approaches are applied in clinical practice in order to treat articular cartilage defects. Examples are microfracture, 1 softtissue grafts such as periosteum or perichondrium, 2 mosaicplasty, 3 and autologous chondrocyte transplantation. 4 Unfortunately, no procedure can yet demonstrate an ability to reproducibly regenerate articular cartilage and thereby provide a long-term solution for every patient. 5 Tissue engineering (TE) is believed to be a promising alternative for the treatment of articular cartilage defects. It consists of three major building blocks: cells, a scaffold, and stimulating factors. Human bone marrow-derived mesenchymal stem cells (hMSCs) are a favorable cell source for cartilage TE. They can be isolated from several different tissues (e.g., adipose tissue, bone marrow, muscle, articular cartilage, or synovium [6] [7] [8] [9] [10] ), and it is possible to differentiate them into different cell types, for example, chondrocytes.
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A scaffold should mimic the three-dimensional environment in which cells normally reside. In TE of articular cartilage, a plethora of different scaffold systems are applied (reviewed, e.g., in Refs. [12] [13] [14] . Within our group, we are focusing on a composite scaffold, consisting of a fibrin hydrogel and a polyurethane (PU) porous scaffold. [15] [16] [17] This system combines the advantages of a natural hydrogel cell carrier (e.g., homogenous cell encapsulation, preservation of the cellular phenotype, and nutrient exchange) and a synthetic porous sponge (resilience and mechanical stability). In TE of articular cartilage, stimulating factors should preserve the chondrocyte phenotype or induce and, respectively, enhance the chondrogenesis of hMSCs. The most commonly applied stimuli are bioactive factors and mechanical forces. Bioactive factors, such as growth hormones, transcription factors, and differentiation factors, play pivotal roles in embryogenesis, and they influence a variety of functions within the human body. For cell-based cartilage TE, the most routinely applied factors include insulin-like growth factor 1, 18 fibroblast growth factors, 19 SRY-related HMG-box gene (SOX) 9, 20 and members of the transforming growth factor family such as transforming growth factor beta (TGF-b) 1, 21 2, 22 or 3 23, 24 and different bone morphogenetic proteins (BMP). [25] [26] [27] Gene transfer is an attractive alternative to the exogenous application of recombinant bioactive factors. The concept is based on the delivery of cDNA (encoding a specific transgene) to a target cell. This procedure enables the cell to produce the desired transgene. As the half-life of most bioactive factors is short, usually their repeated administration is necessary. This feature is especially obstructive in a clinical environment and can be circumvented by the application of gene transfer. Generally, gene transfer vectors can be separated into two major classes: viral and nonviral vectors. Nonviral vectors are relatively safe to apply. However, they are considered less efficient if compared to viral vectors. [28] [29] [30] Viral vectors, on the other hand, are much more efficient, but their application raises safety concerns. 29, 30 Adenoviral vectors, which do not integrate into the host genome, can be used as effective tools to provide a local, although transient, production of a bioactive factor. This might be particularly helpful for the treatment of musculoskeletal defects, where only a localized and short-term expression (days to weeks) of a therapeutic factor is needed, in order to initiate a repair response or to enhance the endogenous repair. Although adenovirally transduced cells have the potential to be immunogenic, adenovirus has many advantages for proof-ofprinciple studies; these include low production costs, high transduction efficiency, their ability to infect both dividing and nondividing cells, high levels of transgene product, and increased safety if compared to integrating viruses (e.g., retroviruses). Last, but not least, adenoviral vectors have already been approved for clinical trials. 31, 32 Healthy articular cartilage is subjected to mechanical forces on a daily basis, and it is widely accepted that they play a pivotal role for both the maintenance and the development of this tissue. Therefore, the concept of functional TE implies mechanical stimulation (e.g., compression, 33, 34 fluid-flow, 35 shear stress, 36 or hydrostatic pressure 24 ) as additional stimuli. The physiological movement of the joint is kinematically very complex. Thus, the application of a single stimulus will not adequately reflect the complex in vivo situation. For that reason, a bioreactor that is able reproduce the kinematics of the joint more precisely was designed. 37 With this bioreactor system, several different stimuli (compression, shear, and articular fluid transport) can be applied simultaneously. This innovative system has been used in several studies that showed promising results. 20, [38] [39] [40] We have also demonstrated that retroviralmediated overexpression of BMP-2, in combination with mechanical stimulation, synergistically enhances the redifferentiation of de-differentiated bovine chondrocytes in vitro.
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These encouraging results led us to develop the present study where we opted to investigate the effect of mechanical stimulation and adenoviral-mediated overexpression of BMP-2, alone and in combination, on the differentiation of monolayer-expanded hMSCs. No exogenous growth factor was applied thus mimicking the in vivo situation more precisely. Furthermore, it makes the procedure easier to apply in clinical practice, as it does not depend on the repetitive administration of an exogenous factor or the use of an integrating viral vector. It is hypothesized that mechanical stimulation will lead to the paracrine production of TGF-b1, which will induce chondrogenesis. 38 Transduction with Ad.BMP-2 will lead to a temporary production of BMP-2. This production is hypothesized to further enhance chondrogenesis. hMSCs were encapsulated in a clinically relevant fibrin-PU composite scaffold. They were transduced with Ad.BMP-2 in 3D (using a novel protocol for enhanced adenoviral transduction 41 ) or left as untransduced controls. After preculture, they were either subjected to mechanical stimulation for 7 or 28 days or left as free-swelling controls. Production of biologically relevant amounts of transgene product was validated using a quantitative BMP-2 ELISA. Biochemical analyses (glycosaminoglycan [GAG] , DNA) and gene expression analysis were conducted.
Materials and Methods
The following media were used during the study: Growth medium: Minimum essential medium alpha, supplemented with 2.2 g/L NaHCO 3 , 10% human hMSC certified fetal bovine serum (Thermo Fischer Scientific, Waltham, MA), 1% penicillin/streptomycin (P/S), and 5 ng/mL basic fibroblast growth factor (Peprotech, Rocky Hill, NY).
Serum-free DMEM: Serum-free high-glucose (4.5 g/L) Dulbecco's modified Eagle's medium (DMEM) containing 1 mM sodium pyruvate, 3.7 g/L NaHCO 3 , and 1% P/S.
Chondropermessive medium: Serum-free DMEM, 1% insulin-transferrin selenium premix (Cyagen, Guangzhou, China), 50 mg/mL ascorbate-2-phosphate, 10 -7 M dexamethasone, and 1% MEM nonessential amino acids (Millipore, Billercia, MA). P/S was replaced with 100 mg/mL of Primocin (Invivogen, San Diego, CA). This was necessary in order to prevent possible contaminations, as the bioreactor system is not a closed system. A further 5 mM of 6-aminocaproic acid was added, in order to prevent fibrin degradation. 42 Biodegradable PU scaffold preparation Biodegradable, cylindrical (8 · 4 mm) and porous (pore size 90-300 mm) PU scaffolds were prepared as described elsewhere. 43 Briefly, PU was synthesized in a one-step solution polycondensation reaction from hexamethylene diisocyanate, poly(epsilon-caprolactone) diol, and 1,4:3,6-dianhydro-Dsorbitol. Next, scaffolds were prepared using the salt-leaching phase-inverse technique with sodium phosphate heptahydrate dibasic salt as porogen.
hMSC isolation
Human bone marrow aspirates were obtained after informed consent of the patients, according to the guidelines of 2 NEUMANN ET AL.
the Federal Ethical Commission (Zü rich, Switzerland). hMSCs were isolated as described before. 17 Briefly, mononucleated cells were isolated through density gradient centrifugation over a ficoll cushion. Next, mononucleated cells were plated on cell culture plastic and cultured in the growth medium. hMSCs were isolated through plastic adherence. After approximately 12.77 -1.11 population doublings (PD) after passage (P) 1, cells were cryopreserved.
hMSC culture P 1 hMSCs were plated at *6670 cells/cm 2 on cell culture plastic. They were further expanded in the growth medium for another 6.28 -0.4 PD (up to P 3) with medium changes every 3-4 days. Culture conditions were always 37°C, 5% CO 2 , and 90% humidity in a CO 2 incubator.
Propagation of a recombinant adenoviral vector coding for BMP-2
A first-generation, E1-, E3-deleted, serotype 5 adenoviral vector carrying the cDNA for human BMP-2 was obtained from Vector Biolabs (Philadelphia, PA). The vector was then further amplified in AD293 cells (Stratagene, Santa Clara, CA) and purified over successive caesium chloride gradients. After dialysis, viral titers were calculated using standard plaque assay on AD293 cells. One infectious viral particle per cell was considered to be one multiplicity of infection (MOI) hMSC seeding and Ad.BMP-2 transduction in 3D Subconfluent hMSCs (a total of 19.05 -1.1 PD after isolation; P 3) were embedded in a fibrin hydrogel (final concentrations: 17 mg/mL fibrinogen and 0.5 U/mL thrombin) and seeded into sterile, biodegradable, porous, cylindrical PU scaffolds at a density of 5 · 10 6 cells/scaffold as previously described. 17 Cells were either left untransduced (control) or transduced with Ad.BMP-2 in 3D as using an MOI of 5 (BMP-2) as previously described. 41 The decision to use untransduced hMSCs as controls was based on two observations. First, they are not different from hMSCs that have been transduced with a nonbioactive transgene such as the enhanced green fluorescent protein. 20 Second, hMSCs that have been transduced with a control vector do not increase expression of BMP-2, TGF-b, or IGF-1. 44 After 3 days of preculture in six-well plates with 5 mL of chondropermessive medium, cells were transferred to polyetheretherketone (PEEK) control or loading holders containing a PEEK ring.
Scaffold culture and mechanical stimulation
Samples were cultured in 2.5 mL of a chondropermessive medium. The medium was changed three times per week before the application of mechanical stimulation. Scaffolds were either kept under free-swelling conditions (unloaded), or 1 h of mechanical stimulation was applied each day for 6 days per week (loaded). Mechanical stimulation was executed for either 7 or 28 days using a custom-built bioreactor system 37 and a ceramic hip ball with a diameter of 32 mm. Unconfined, dynamic compression strain was generated by pressing the ceramic hip ball onto the cell-seeded fibrin-PU scaffolds. Shear stresses were generated by rotating the ball around an axis perpendicular to the scaffold axis. Both stimuli were superimposed on a static offset strain of 0.4 mm. The following loading protocol was used: compression, 1 Hz 0.4-0.8 mm; rotation, 1 Hz -25°. The experiment was independently repeated with cells from 5 different donors (\ age 65, \ age 78, _ age 55, \ age 73, and _ age 41) with triplicates for each group (Table 1) .
Sample collection
The medium was pooled for days 1-7, 8-14, 15-21, and 22-28. Additionally, the medium of the preculture period was collected. After 3D culture, scaffolds were vertically cut into two halves. For RNA isolation, one half scaffold was placed into 1 mL of TRI reagent and 5 mL of Polyacrylcarrier, and stored at -80°C for subsequent analysis. The other half was placed into 1 mL of 0.5 mg/mL Proteinase K and digested for 16 h at 56°C. Proteinase K was heat-deactivated for 10 min at 96°C. Finally, scaffolds were removed and samples were stored at -20°C for subsequent analysis.
BMP-2 ELISA
The amount of BMP-2 within cell culture supernatants was quantified using the quantitative Duo Set ELISA Development System for human BMP-2 (R&D Systems, Minneapolis, MN) according to the manufacturer's protocol.
Gene expression analysis
Total RNA was precipitated using isopropanol and a highsalt precipitation solution. Reverse transcription was performed using TaqMan reagents with 1 mg of RNA in a total volume of 20 mL. Real-time PCR was performed using the 7500 real-time PCR system (Applied Biosystems, Carlsbad, CA). Gene expression was evaluated using the comparative DDC t method with 18s RNA as internal control. All oligonucleotide primers and probes (expect 18s RNA and Sox9) have previously been designed and validated using Primer Express Oligo Design software version 1.5 (Table 2 ). For detection of 18s RNA and Sox9 expression, the commercial predeveloped TaqMan assay reagents (Applied Biosystems, Carlsbad, CA) were used.
Biochemical analyses
The amount of sulfated GAG in both scaffolds and culture medium was quantified using the dimethylmethylene blue (DMMB) dye binding assay. 45 Chondroitin-4-sulfate from bovine trachea was used as standard. The absorbance at 535 nm was measured using the 1420 Multilabel Counter (Perkin Elmer, Waltham, MA). 
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The total amount of DNA was analyzed using the Hoechst 33258 dye (bisbenzimide) assay 46 with calf thymus DNA as standard. Measurements (360 nm excitation/465 nm fluorescence emission) were conducted using the 1420 Multilabel Counter (Perkin Elmer).
Statistical analyses
Statistical analyses were conducted on the complete raw data set with the SPSS software (SPSS 19, IBM, NY). Normality of each group was tested with independent-samples Kruskal-Wallis test. Levene's test of equality of error variances was conducted to test for equal variances between groups. The significance of differences between the groups was determined with a general linear model analysis of variance with a Games Howell post hoc analysis for unequal variances. For the gene expression analysis, data transformation by natural logarithm was applied. All descriptive results (except for Fig. 2 ) are displayed as mean -standard deviation. In order to increase clarity of Figure 2 , results are displayed as mean -standard deviation only. For the BMP-2 ELISA, triplicates of three donors (total n = 9) were used. For all other analyses, triplicates of five donors (total n = 15) were used. Significance was defined as p £ 0.05.
Results
Transduction of hMSCs in 3D with a MOI of 5 leads to the production of biologically relevant amounts of BMP-2
The feasibility of Ad.BMP-2 transduction in 3D within the fibrin-PU composite system has already been demonstrated. 41 Nevertheless, it was of fundamental interest to confirm that biologically relevant amounts of BMP-2 were generated over the course of the study. Hence, BMP-2 concentration within the medium was quantitatively determined using an ELISA kit for human BMP-2. In untransduced samples, BMP-2 medium concentrations were below 0.1 ng/mL. Thus, these groups were not included in Figure 1 .
In the unloaded group, a trend toward a decrease in BMP-2 release into the culture medium was monitored if compared to the loaded group (Fig. 1) . However, this trend did not reach statistical significance. Furthermore, BMP-2 concentrations steadily increased until week 4 in the loaded group. In contrary, BMP-2 concentration started to plateau at week 2 in the unloaded group. The peak BMP-2 concentrations were 130 -37.3 ng/mL in the unloaded group and 339.8 -186 ng/mL in the loaded group. It is also worth noting that, starting from week 1, BMP-2 concentrations were above 100 ng/mL (a concentration commonly used in studies applying recombinant BMP-2 exogenously) for all groups except BMP-2 unloaded at week 1 (Fig. 1) .
Mechanical stimulation leads to an upregulation of chondrogenic genes if compared to free-swelling controls. Transduction with Ad.BMP-2 is the predominant stimulus for the aggrecan gene and it leads to an upregulation of Sox9 message at the early time point
The effect of mechanical stimulation and transduction with Ad.BMP-2 on the gene expression profile of hMSCs was 5¢-CCC TGG AAA GAA  TGG AGA TGA T-3¢   5¢-ACT GAA ACC TCT GTG  TCC CTT CA-3¢   5¢-CGG GCA ATC CTC GAG CAC  CCT- . Subsequently, they were cultured for up to 28 days. Either static culture conditions were applied (unloaded groups) or cells were cultured applying 1 h of mechanical simulation each day for 6 days per week (loaded groups). The medium was changed and collected three times per week. Additionally, the medium of the 3-day preculture period was collected. Transgene concentration within the culture medium was determined using a quantitative ELISA for human BMP-2. Results are displayed as mean -standard deviation of triplicates from three donors. hMSCs, human mesenchymal stem cells; BMP-2, bone morphogenetic protein 2; PU, polyurethane; MOI, multiplicity of infection.
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investigated. Gene expression analysis was conducted using the comparative DDC T method with 18 s RNA as internal control. The unloaded control group at day 7 was used as normalizer and therefore set to 1 (Fig. 2) . The genes collagen I (Col I) (Fig. 2a) and Runx2 (Fig. 2b) were almost unresponsive to both stimuli applied, with slight variation due to a small response seen in one of the five donors (\ age 65). The only significant changes observed were an upregulation for both genes in Ad.BMP-2-transduced versus control samples within the day 7 unloaded group and an upregulation for Col I on day 7 when both stimuli were simultaneously applied. The gene Col X (Fig. 2c) was significantly upregulated through mechanical stimulation in all groups except Ad.BMP-2-transduced on day 7. Interestingly, if both stimuli were combined on day 7, Col X expression was not significantly different from the unloaded control group. This might indicate that transduction with Ad.BMP-2 counteracts the upregulation in Col X message, which was mediated through mechanical stimulation. On day 28, however, this trend did not reach statistical significance. Nevertheless, as the groups control loaded and BMP-2 loaded on day 7 were not significantly different from each other, this is the only one possible interpretation and would require further testing. The gene Col 2 (Fig. 2d) was massively upregulated through both mechanical stimulation and transduction with Ad.BMP-2. This upregulation was significant for all loaded groups except the Ad.BMP-2-transduced group on day 7. In the Ad.BMP-2-transduced groups, statistically significant upregulation was only detected
FIG. 2.
Relative gene expression of hMSCs that have been cultured in fibrin-PU composite scaffolds for 7 or 28 days. They have been transduced with Ad.BMP-2 in 3D with an MOI of 5 (BMP-2) or were left untreated (control). Subsequently, they were either cultured under static conditions (unloaded) or 1 h of mechanical stimulation per day was applied for 6 days per week (loaded). Gene expression analysis was conducted using the comparative DDC T method for genes Col I (a), Runx2 (b), Col X (c), Col 2 (d), aggrecan (e) and Sox9 (f). 18s RNA was used as internal control. The unloaded control group at day 7 was used as calibrator and therefore set to 1. Results are displayed as mean + standard deviations of triplicates from five donors. Significantly different in the control versus the Ad.BMP-2-transduced group; significantly different in the unloaded versus the loaded group; significantly different in the control unloaded versus the Ad.BMP-2-transduced loaded group ( p £ 0.05).
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in the unloaded group at day 7. Further, a synergistic effect of both stimuli was detected on day 7. The n-fold upregulation in Col 2 message was 2655 -7417 (control loaded), 936 -1785 (BMP unloaded), and 29878 -86410 (BMP-2 loaded), respectively. The response of the gene aggrecan (Fig. 2e ) toward the applied stimuli was the most complex. Both stimuli led to an upregulation of aggrecan expression. At the early time point (day 7) this was significant for both load and transduction with Ad.BMP-2. Yet, transduction with Ad.BMP-2 seems to be the predominant stimulus. Aggrecan message was significantly elevated in the BMP-2-loaded versus the control-loaded group. Further, combination of both stimuli did not led to an elevated response in comparison to the unloaded Ad.BMP-2-transduced group. At the late time point (day 28), the exact same trends were detectable. However, the application of mechanical stimulation did not significantly alter aggrecan gene expression. Further, transduction with Ad.BMP-2 only led to significantly higher aggrecan message in the unloaded groups. Finally, at the early time-point, transduction with Ad.BMP-2 led to a significant upregulation of Sox9 message (Fig. 2f) . This was true in both the unloaded and the loaded groups. Even though it did not reach statistical significance, the same trend was observed after 28 days.
DNA content did not differ statistically between groups
Next, the DNA content was quantified using the Hoechst 33258 assay. Neither transduction with Ad.BMP-2 nor mechanical stimulation had an effect on total DNA content (data not shown).
The bulk amount of synthesized GAG is released into the culture medium
The cumulative amount of released GAG, over the course of 28 days, was quantified for each group. Furthermore, the amount of GAG retained within the scaffolds was measured after 28 days. Thereby, matrix production of hMSCs was tracked (Fig. 3) .
A large proportion of synthesized GAG was released into the culture medium. After 28 days, only 92.5 -46.5 mg (control unloaded), 88.6 -45.2 mg (control loaded), 89.1 -37.6 mg (BMP-2 unloaded), or 99.5 -58.9 mg (BMP-2 loaded) of GAG was retained within the scaffolds. On the other hand, during the same period of time, a total of 438.4 -196 mg (control unloaded), 660 -177.7 mg (control loaded), 346.5 -97.2 mg (BMP-2 unloaded), or 429.4 -108.7 mg (BMP-2 loaded) of GAG was released into the culture medium. In summary, the amount of synthesized GAG retained within the scaffolds was in the range between 12.1% -5.6% (control loaded) and 21.75% -3.6% (BMP-2 unloaded). A trend toward an increased GAG release in loaded versus unloaded groups was detected. This trend only reached statistical difference for the control group and not for the BMP-2 group. Further, the total amount of GAG produced in loaded control group was highest among all groups and significantly different from the other groups ( p £ 0.05).
The GAG/DNA ratio is higher in control versus BMP-2-transduced and in loaded versus unloaded groups Finally, GAG/DNA ratios were calculated in order to normalize the total amount of GAG produced (Fig. 4) . GAG/ DNA ratios (in mg/mg) were 37. MSCs were cultured in fibrin-PU composite scaffolds and either transduced with Ad.BMP-2 in 3D with an MOI of 5 (BMP-2) or left untreated (control). Subsequently, they were either cultured under static conditions (unloaded) or 1 h of mechanical stimulation per day was applied for 6 days per week (loaded). The medium was changed and collected three times per week. It was pooled for weeks 1-4. Additionally, the medium of the 3-day preculture period was collected. GAG content was quantified (both within the scaffold and within the culture medium) using the DMMB dye binding assay with chondroitin-4-sulfate as standard. Results are displayed as means -standard deviations of triplicates of five donors. Significantly different form the control-loaded group ( p £ 0.05). GAG, glycosaminoglycan.
FIG. 4.
Total amount of GAG normalized to DNA content between the different groups after 28 days. MSCs were cultured in fibrin-PU composite scaffolds and either transduced with Ad.BMP-2 in 3D with an MOI of 5 (BMP-2) or left untreated (control). Subsequently, they were either cultured under static conditions (unloaded) or 1 h of mechanical stimulation per day was applied for 6 days per week (loaded). Total amount of GAG (medium + scaffold) and amount of DNA was quantified. Next, GAG production was normalized to DNA content. Results are displayed as means -standard deviations of triplicates of five donors. Significantly different form the control loaded group ( p £ 0.05).
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reached statistical significance in the control loaded group only where the GAG/DNA ratio was highest among all groups investigated.
Discussion
During everyday life, cartilage is subjected to mechanical forces. It is widely accepted that they play an important role in both development and maintenance of this tissue. The concept of functional TE implicates mechanical stimulation and, thereby, mimics the prevailing in vivo situation more precisely. The present study opted to investigate the combined effect of complex mechanical stimulation, using a custom-built bioreactor system, 37 and adenoviral-mediated overexpression of BMP-2 on chondrogenesis of monolayerexpanded hMSCs. hMSCs were encapsulated in a fibrin-PU composite scaffold system and cultured in chondropermessive medium, which lacks any exogenous growth factor, for up to 28 days. The fibrin-PU system used compares favorably to pellet culture, particularly with respect to a lower level of expression of genes associated with endochondral ossification. 17 The two stimuli were applied either alone or in combination. Mechanical stimulation is known to lead to the paracrine production of TGF-b1, inducing chondrogenesis of hMSCs in this fibrin-PU composite system. 38 Further, it has been demonstrated that shear plays an important role during hMSC chondrogenesis. 40 After transduction with Ad.BMP-2, hMSCs are able to endogenously produce BMP-2. This bioactive factor is widely utilized for both chondrogenic induction and enhancement of chondrogenesis in hMSCs. 25, 47 In the present study, BMP-2 overproduction is believed to further enhance chondrogenesis. Outcome parameters measured were concentration of BMP-2 within cell culture medium, biochemical analyses (GAG, DNA, and GAG/DNA), and gene expression analysis.
After Ad.BMP-2 transduction in 3D, hMSCs were able to generate high levels of transgene product over the course of 4 weeks. This expression is far more prolonged if compared to standard two-dimensional Ad.BMP-2 transduction. 48 Furthermore, BMP-2 concentrations of 100 ng/mL or above were generated. This concentration is commonly used when BMP-2 is applied exogenously and is considered to be biologically relevant. 25, 49, 50 Even though statistical significance was not reached, it is worth mentioning that the application of mechanical stimulation led to a trend toward higher BMP-2 medium concentrations within the Ad.BMP-2-transduced group. The most likely explanation is that, in the unloaded group, the synthesized BMP-2 can leave the scaffold only by means of passive diffusion. In the loaded group, however, application of mechanical forces will likely squeeze out most of the BMP-2, which is retained within the scaffold. Interestingly, a similar trend is seen for GAG concentration within the cell culture medium within this study and in previous work from our group. 39, 40 The DNA content did not change significantly within each group over the time course of the experiment. Further, there was no significant change in DNA content when both stimuli were applied solely or in combination. This indicates that the total cell numbers stay relatively consistent over the course of the study and that cell numbers were not influenced by either Ad.BMP-2 transduction in 3D or mechanical stimulation. In other words, neither proliferation nor cell death dominated the cellular response toward the culture environment. These observations have already been demonstrated in different studies using this fibrin-PU composite scaffold system. 38, 39, 41 Gene expression analysis revealed that mechanical stimulation led to an upregulation of chondrogenic genes (Col 2 and aggrecan) but also to an upregulation of the hypertrophic gene Col X. This suggests that mechanical stimulation enhances hMSC chondrogenesis but also their progression toward hypertrophy. Interestingly, at the early time-point, this hypertrophic response might be inhibited, or at least delayed, through adenoviral-mediated overexpression of BMP-2 (as Col X message in the control unloaded group was not different from the Ad.BMP-2-transduced and loaded group). For the gene Col 2, a synergic effect was detected when both stimuli were simultaneously applied. However, this was significant only for the early time point at day 7. After 28 days, supraphysiological doses of BMP-2 do not seem to synergistically enhance Col 2 gene expression if combined with mechanical stimulation. Interestingly, for the gene aggrecan, both stimuli led to an increase in gene expression if applied solely. However, when cells were subjected to both stimuli, the increase induced by Ad.BMP-2 transduction was not further enhanced by mechanical load. This suggests that overexpression of BMP-2 is the predominant stimulus for the gene aggrecan and that aggrecan is differently regulated if compared to the other genes that were investigated in this study. The same observation was made by Kupcsik et al in 2010. 20 Finally, transduction with Ad.BMP-2 led to a significant increase in Sox9 (master transcription factor for chondrogenesis) expression after 7 days. The same trend was observed after 28 days, even though it did not reach significance. This indicates that Ad.BMP-2 transduction is beneficial for the initiation of chondrogenesis.
Interestingly, the gene expression results within this study conflict with the GAG/DNA data where a trend towards a negative effect of Ad.BMP-2 transduction was detected. An upregulation in gene expression does not always correlate to elevated protein levels. We and others have already described a lack of direct correlation between aggrecan gene expression and GAG synthesis for hMSC. 51, 52 In previous studies, we have demonstrated this using DMMB assay, safranin O staining, and immunohistochemistry for aggrecan. 20, 40 We have also investigated the potential of the cells to be producing negative regulators of GAG expression, such as IL-1b, but could not detect any significant changes and have proposed that some required cofactor, present in mature chondrocytes, is lacking in chondrogenically induced MSCs. 20 Gene expression of Col 1 (fibroblastic marker) and Runx2 (osteoblastic marker) were almost unaffected by both stimuli. The few detected statistically significant upregulations in gene expression, after transduction with Ad.BMP-2, are so small that they are most likely not to be biologically relevant.
The quantification of total GAG revealed that the bulk amount of GAG was released into the culture medium and did not stay within the fibrin-PU scaffolds. Further, a trend toward an increased GAG production and release in mechanical stimulated samples, if compared to free-swelling controls, was observed. In the control groups, this trend BMP-2 AND MULTIAXIAL LOAD ON MSC CHONDROGENESISreached statistical significance. Again, this has already been described within this culture system. 39 In general, the amount of GAG that can be retained depends on the scaffold, the mechanical environment, and the pericellular matrix. The observed results suggest that, within the fibrin-PU scaffold, the pericellular matrix is not well enough developed to retain most of the synthesized GAG. This task is further complicated by the highly porous structure and relatively large pore size of the scaffold and by the application of mechanical stimulation.
By normalizing total amount of GAG to DNA, it was demonstrated that loaded groups have a trend toward higher GAG/DNA ratios than their free-swelling counterparts. However, this trend reached significance only in the control group and not in the Ad.BMP-2-transduced group. This observation is consistent with previously published data within our group using both hMSCs 39 and bovine chondrocytes. 26 As synthesis of GAG is a qualitative measurement of hMSCs matrix production this suggests that mechanical stimulation is beneficial for hMSC chondrogenesis within this scaffold system. Comparison between Ad.BMP-2-transduced groups and untransduced controls revealed an unexpected result. A trend toward higher ratios in the untransduced control groups was observed. This is somehow surprising as overexpression of BMP-2 was believed to enhance chondrogenesis of hMSCS as already demonstrated by other investigators in different culture systems with cells from different species. 25, 27, 47, 48 However, the reason for the conflicting results for aggrecan gene expression analysis and GAG/DNA ratios will require further investigation.
This study and further experiments with the bioreactor system might help to develop a one-step protocol that can be conducted within the operating theatre, with the aim to treat cartilage defects. Theoretically, a surgeon could harvest bone marrow during operation, isolate hMSCs through centrifugation, transduce these cells with an adenovirus expressing a desired transgene, and implant the cells immediately into the defect. The feasibility if this approach has already been demonstrated in 2004 by Pascher et al. by transducing rabbit whole BM clots intraoperatively. 53 Further, it would require the direct transduction of hMSCs in 3D. This has been demonstrated by recent work within our group for monolayer-expanded cells. 41 The suggested protocol would no longer rely on a time-and money-consuming cell culture step and remove the need for a second operation. A potential limitation to the proposed approach would involve the release of BMP-2 from modified cells within the defect into the surrounding joint compartment, which might lead to adverse effects within tissues proximal to the defect (e.g., osteophyte formation). This would have to be investigated in an in vivo model to determine the concentration and effect of any BMP-2 release.
In summary, the present study aimed to investigate the combined effect of mechanical stimulation and adenoviralmediated overexpression of BMP-2 on hMSC chondrogenesis. It was demonstrated that mechanical stimulation led to an upregulation of chondrogenic genes. Load also led to a small increase in expression of the hypertrophic marker Col X. This hypertrophic response seemed to be diminished, or at least delayed, when cells were transduced with Ad.BMP-2. Furthermore, mechanical stimulation increased GAG/DNA ratios in this culture system, which is an indicator for improved chondrogenesis. The effect of Ad.BMP-2 transduction in 3D on hMSC chondrogenesis was not as clear. On one hand, overexpression of BMP-2 increased aggrecan and Sox9 gene expression and further decreased Col X gene expression in the loaded groups, which suggests a positive effect on chondrogenesis and progression toward hypertrophy. Further, mechanical stimulation and transduction with Ad.BMP-2 had a synergistic effect on Col 2 message at the early time point (day 7). On the other hand, transduction with Ad.BMP-2 led to a trend toward decreased GAG/DNA ratios, suggesting that its use may be limited.
